Abstract Subsidence related to multiple natural and human-induced processes affects an increasing number of areas worldwide. Although this phenomenon may involve surface deformation with 3D displacement components, negative vertical movement, either progressive or episodic, tends to dominate. Over the last decades, differential SAR interferometry (DInSAR) has become a very useful remote sensing tool for accurately measuring the spatial and temporal evolution of surface displacements over broad areas. This work discusses the main advantages and limitations of addressing active subsidence phenomena by means of DInSAR techniques from an end-user point of view. Special attention is paid to the spatial and temporal resolution, the precision of the measurements, and the usefulness of the data. The presented analysis is focused on DInSAR results exploitation of various ground subsidence phenomena (groundwater withdrawal, soil compaction, mining subsidence, evaporite dissolution subsidence, and volcanic deformation) with different displacement patterns in a selection of subsidence areas in Spain. Finally, a cost comparative study is performed for the different techniques applied.
Introduction
The term subsidence refers to the sudden sinking or gradual downward settling of the ground surface with not much or no horizontal motion (Jackson 1997) . Active subsidence may be related to multiple natural and anthropogenic processes (Corapcioglu 1989; Waltham 1989; Galloway et al. 1999) . The risk to people and their infrastructures posed by subsidence phenomena in remote and noninhabited areas is generally negligible. However, active subsidence in developed areas may cause significant damage to human structures, often involving multi-million dollar losses (e.g. Kappel et al. 1999; Autin 2002; Gutiérrez et al. 2009; Mancini et al. 2009 ). Wu (2003) points out that subsidence constitutes a hazard for bridges, roads, railways, storm drains, sewers, canals, levees, buildings and well pipes, and increases the susceptibility to tidal flooding in low-lying coastal areas. Moreover, catastrophic subsidence may result in human life lost (Guerrero et al. 2008; Galve et al. 2012) . For instance, in the Far West Rand of South Africa, sudden sinkholes induced by dewatering of dolomite aquifers for gold mining have caused a total of 38 fatalities (De Bruyn and Bell 2001) .
Land subsidence is the surface evidence of shallow or deep-seated deformation induced by a wide variety of natural or anthropogenic subsurface processes. Following Prokopovich's genetic classification of subsidence (1979) , endogenic subsidence is associated with internal geological processes, such as faulting, folding, isostatic adjustments and volcanism. Exogenic subsidence is related to anthropogenic or natural processes involving the creation of cavities and/or the removal of material from the subsurface. The main causal mechanisms of exogenic subsidence include dissolution, degradation of organic matter, piping, thawing of ground ice, bioturbation, piezometric falls related to reduced aquifer recharge, fluid withdrawal (e.g. water, petroleum, and gas), underground mining, tunnelling (Waltham 1989; Galloway et al. 1999; Gonzalez de Vallejo and Ferrer 2011) .
In the pre-mitigation investigation phase, a combination of scientific understanding of these processes and a careful management can minimize the subsidence. Then, subsidence investigations are important to delineate the extent of the affected area, measuring the surface displacements (magnitude, rate and temporal and spatial variability), determining the strain mechanisms and identifying precursory/premonitory displacement indicative of potential catastrophic subsidence events in order to propose and design mitigation measures. Once mitigation measures are applied, subsidence monitoring allows evaluating the effectiveness of the adopted corrective or preventative measures, and forecasting the future behaviour of the subsidence phenomena. Numerous techniques are used for measuring and mapping spatial gradients and temporal rates of regional and local subsidence (Galloway et al. 1998; Galloway and Burbey 2011) . The approaching selection is generally based on several key factors (Tomás et al. 2008; Galloway and Burbey 2011) including:
1. the cost, usually the most relevant conditioning parameter; 2. the required accuracy and resolution, conditioned by the type of subsidence phenomenon; 3. the type of data (punctual, linear, spatially distributed) and measuring frequency (time between measurement acquisitions), which are largely determined by the subsidence pattern (extent, rate, spatial and temporal variability); 4. land cover (rock outcrops, forest, urban, etc.) , and weather conditions; 5. flexibility of the method, related to the possibility to selecting the time and location of the measurement acquisition, the data availability (ease of access to the data), as well as the acquisition time (time required to complete a measurement campaign); and 6. geometry and the kinematics of the subsidence phenomenon.
This paper reviews differential SAR interferometry (DInSAR) data exploitation related to different ground subsidence phenomena (groundwater withdrawal, soil compaction, mining and evaporite dissolution subsidence, and volcanic deformation) investigated in 19 areas of Spain (Fig. 1) . Targeted subsidence areas differ in their extent, subsidence rates, and temporal evolution. This work highlights the main advantages and limitations of addressing the investigation of active subsidence with DInSAR techniques from an end-user point of view; i.e. spatial and temporal resolution, precision of the measurements, and utility of the data. Finally, a discussion on the cost-effectiveness of the different monitoring techniques used in Spain is presented.
A brief introduction to DInSAR
Synthetic aperture radar (SAR) and its derived techniques, like SAR interferometry (InSAR), have been widely addressed and reviewed in the scientific literature (Massonnet and Feigl 1998; Bamler and Hartl 1998; Ferretti et al. 2001; Hanssen 2001; Crosetto et al. 2005b; Kampes 2006; Simons and Rosen 2007; Prati et al. 2010; Hooper et al. 2012) . One of the main applications of SAR interferometry is the detection of Earth's surface displacements through DInSAR, which has shown to be a tool of great potential over the last decades. Initial single interferogram DInSAR techniques, commonly referred to as conventional DInSAR techniques, (Massonnet et al. 1993; Peltzer and Rosen 1995) evolved to advanced DInSAR techniques which provide information on the temporal evolution of the ground displacement, with a theoretical millimetric precision under favourable conditions. According to Sansosti et al. (2010) , advanced DInSAR techniques can be grouped into two main categories: Persistent scatterers (PS) methods that work on localized targets (Ferretti et al. 2001; Arnaud et al. 2003; Werner et al. 2003) , and small baseline (SB) methods that utilize spatially distributed targets (Lundgren et al. 2001; Berardino et al. 2002; Mora et al. 2003; Schmidt and Bürgmann 2003; Prati et al. 2010 ) and such techniques have been applied to ground displacements related to active tectonics, seismic events, volcanism, anthropogenic subsidence and uplift, landsliding or glacier dynamics. The basic concept of the DInSAR techniques is to monitor an area through time on a regular basis. The SAR images acquired in different dates are then combined in pairs to generate a set of differential interferograms that contain information on the interferometric phase (w int ). Ideally, differential interferograms should contain only the ground displacement component between the acquisition times of the two SAR images. However, in practice, there are other terms contributing to the interferometric phase that can mask the desired ground displacement information, e.g. phase contributions from atmospheric water vapour (w atmos ). The goal of the different processing techniques is to accurately isolating the displacement term from the remaining components. The interferometric phase can be expressed as the sum of the following terms (Hanssen 2001) :
where w flat is the flat-earth component related to range distance differences in absence of topography, w topo is the topographic phase, w mov is the phase contribution due to ground displacement occurring between the two SAR image acquisitions, measured along the line of sight (LOS), w atmos is the phase component due to atmospheric disturbances or artefacts, and w noise includes the remaining noise sources. The first two terms in (1) can be expressed analytically and w topo can be extracted from an independent DEM. The degradation of the quality of the interferometric phase (decorrelation) has a non-uniform impact on the interferograms. Depending on the several factors, such as the land cover, the presence of human structures, surface changes due to human or natural activity, some areas may have a better quality phase. Consequently, a selection of the more reliable pixels from a set of interferograms has to be performed. The pixel selection criterion can be established based on the estimation of their phase quality using two different approaches: the coherence stability and the amplitude dispersion. For the former, a multi-looked pixel is selected if it presents coherence values higher than an established threshold in a certain percentage of interferograms (Berardino et al. 2002; Mora et al. 2003) . For the latter, the phase standard deviation of each pixel is assumed to be related to its temporal radar signal amplitude stability (low dispersion) and selected if it exceeds a certain threshold (Ferretti et al. 2001) . The selection criterion determines the nature of the targets to work with. Although the amplitude dispersion selects ideal point-like targets at the maximum spatial resolution of the SAR image, the coherence stability implies an averaging of a set of pixels, leading to a lower spatial resolution product. Depending on the setting, it may be necessary to decrease the number of selected points by employing a coherence approach, rather than having the maximum spatial resolution information provided by the amplitude approach. For instance, in volcanic areas, where rock outcrops have large extent and temporal stability, the coherence-based processing is generally more appropriate. In contrast, in urban areas, where man-made targets are more likely to be found, the amplitude-based processing is typically better suited. Another decisive issue is the number of available images. A reliable relationship between amplitude and phase stability cannot be obtained with a limited number of images. On the other hand, the coherence estimator is more robust when dealing with a low number of interferograms. Considering both criteria, a compromise between the number of pixels selected and their reliability should be found.
For measuring ground displacement, satellite-based DInSAR techniques present three immediate advantages compared to classical ground-based methods, such as the differential global positioning system (DGPS): low-cost, measurement repetitiveness, and availability of historical data. First, they provide, at a low cost, displacement measurements across wide areas and with a high spatial density, as opposed to the discrete point data supplied by instrumental techniques, restricted to benchmarks with a much lower density and generally covering smaller areas. For instance, the widely used SAR images acquired by the European ERS or ENVISAT and the German TerraSAR-X satellites cover an area of 100 km 9 100 km and 30 km 9 50 km , respectively. Secondly, orbital sensors have a short revisiting time period, which makes it possible to monitor at selected locations with a high frequency. Thirdly, the low incidence angle (i.e. the angle between the satellite line-of-sight (LOS) and a line perpendicular to the land surface) makes InSAR technique very sensitive to vertical displacements produced by subsidence. Finally, the relatively long archive of SAR images acquired since 1992 allows studying, at least in Europe, almost any area since that date. Nevertheless, DInSAR techniques should be considered as complementary, rather than a complete replacement of the ground-based techniques.
Advantages and limitations of DInSAR from the enduser point of view
In the last 20 years, the importance of DInSAR as a subsidence monitoring tool has increased significantly. In Spain, 19 areas affected by active subsidence have been studied using different DInSAR techniques. These studies exploit radar data from seven sensors, which include satellite-and ground-based (Tables 1, 2 ). These case studies deal with subsidence due to groundwater withdrawal, mining activity, volcanism, impoundment of water reservoir, evaporite dissolution, and the superposition of some of the above mentioned processes. Although most of these subsidence cases were previously known and characterized, the application of DInSAR techniques allowed gaining greater insight into the deformation patterns, specially providing quantitative strain data. In this section, the main advantages and limitations of the DInSAR techniques from an end-user point of view are discussed and illustrated through subsidence case studies from Spain.
Spatial resolution
The spatial resolution of DInSAR data is crucial in subsidence studies with an applied objective. The spatial resolution of the ground displacement data depends on the radar sensor and the processing algorithm. The pixel selection methods based on amplitude criteria allow keeping the original resolution of the SAR image. On the other hand, by definition, coherence selection techniques involve an averaging of adjacent pixels of the original image with the consequent degradation in spatial resolution. Using the coherence approach, typical resolutions of DInSAR maps obtained from ERS and ENVISAT data are 60 m 9 60 m, 80 m 9 80 m and 100 m 9 100 m. These values correspond to the multilook averaging of 3 9 15, 4 9 20, and 5 9 25 pixels in azimuth and range, respectively. Spatially restricted subsidence phenomena, such as those related to evaporite dissolution-induced sinkholes in the Ebro Valley (Castañeda et al. 2009b ) or a salt mine below Sallent village (López et al. 2010) , usually affect areas smaller than 1 km 2 . Consequently, they require an appropriate compromise between resolution and electromagnetic response stability. As an example, the 80-m pixel-sized DInSAR map of Fig. 2 provides partial displacement data on a subsidence basin induced by underground mining but does not allow analysing subsidence at a building scale . DInSAR applications for built areas and infrastructures require very high resolutions to obtain information on individual buildings or elements of a structure rather than an averaged subsidence rate for an area including several constructions. For Murcia city ( Fig. 3) , Herrera et al. (2009b) demonstrated that amplitude techniques, which work at full resolution, provide a higher density of reliable points than coherence-based techniques. Moreover, using different bands TSX has demonstrated to provide the highest PSs density (Crosetto et al. 2010; Herrera et al. 2010) . Figure 3 shows that the X-band based PSs density is at least ten times higher than the PSs density provided by C-band satellites (Herrera et al. 2010 ).
Temporal resolution
The temporal resolution of the ground displacement data depends on the satellite revisiting period ( Table 1) that determines the availability of SAR images of the study area. Consequently, generally the shorter the revisiting time the more accurate may be the analysis of the temporal evolution of the subsidence phenomenon. In areas with high subsidence rates, the revisiting period should be as short as possible to avoid aliasing problems. Aliasing is introduced when the sampling frequency is too low and the motion of ground targets or pixels with LOS displacement between the two dates under study is greater than the system resolution; i.e. half the radar wavelength (k/2). Moreover, shorter revisiting periods improve the ability to identify non-linear or seasonal displacement patterns. COSMO SkyMed and TerraSAR-X, with the shortest revisiting periods (Table 1) , are more appropriate systems to study non-linear and episodic subsidence phenomena than e.g. ALOS-PALSAR with longer revisiting periods, although they are more prone to temporal decorrelation in non-urban areas due to their sensitivity of phase values to any change in scatterers distribution (Prati et al. 2010) . As an example, La Unión area (Fig. 4 ) exhibits significant gaps of displacement information due to high deformation rates (4.8 cm per month) related to mining subsidence (Herrera et al. 2007 ). The acquisition time of terrestrial sensors (Ground based SAR-GBSAR), which is selected by the user, allows to define the time between successive acquisitions as much as few minutes. However, although radar sensors can be strategically placed in prominent locations to get an optimal LOS they are generally limited by the high incidence angle (Pipia et al. 2007 (Pipia et al. , 2008 Monserrat 2012) . ERS and ENVISAT satellites provide a long historical archive of radar data for almost all the Spanish territory between 1992 and 2012 with a gap during 1994, allowing to retrospectively processing data in areas where ground-based data is lacking. Historical data are necessary for the long-term monitoring of areas with low subsidence rate and for the application of advanced DInSAR techniques which require a large number of images. In contrast, TerraSAR-X data are limited to the areas, where acquisitions have been previously requested; i.e. on-demand system. The same applies to GB-SAR, since also data availability is limited to planned images in monitored areas.
Another important issue for DInSAR subsidence analysis is the sensor wavelength (k). Most studies reviewed in this work are based on C-band sensors due to high data availability. However, DInSAR based on C-band radar data is frequently limited due to the incoherence/decorrelation related to the land covers. In this sense, in Sant Quirte del Valles (see location in Fig. 1) , Blanco et al. (2008) observed that L band-based DInSAR (k = 23 cm) provides coherent information where C band-based DIn-SAR (k = 5.6 cm) measurements are predominantly incoherent showing that a significant part of the backscattered echo arrives from the ground rather than from vegetation in agreement with other authors (Colesanti and Wasowski 2006; e.g. Raucoules et al. 2007; Hooper et al. 2012 ).
Influence of the terrain characteristics on persistent scatterers detection
The backscattering of the microwave signals depends on the characteristics of the terrain and the weather conditions at the acquisition time. Generally, vegetated areas and water bodies disperse the radar emitted SAR signals, 
reducing the amount of returned signal to the satellite (Ulaby et al. 1982; Henderson and Lewis 1998) . In some areas, the changes in the vegetation between two radar acquisitions can produce such a significant loss of coherence that the displacement information is almost impossible to obtain. In contrast, urban areas, or rock outcrops provide a stable electromagnetic response through time, being considered more suitable for applying DInSAR techniques. This circumstance is illustrated by studies carried out in the subsidence areas of Orihuela village (Tomás et al. 2007 (Tomás et al. , 2010b , where PS densities from 0 to 10 PS per km 2 have been obtained in rural areas, whereas more than 100 PS per km 2 were obtained in urbanized areas and zones dominated by rock outcrops (Fig. 5) . Rocky areas like the Tenerife Island and urban scenarios, such as Murcia city, Orihuela village or Sallent village provide a high amount of PS points. However, the proportion of PS points is reduced considerably in the agricultural areas of Vega Media and Baja of the Segura River (Herrera et al. 2009b; Tomás et al. 2010b ), Granada basin (Fernandez et al. 2009; Sousa et al. 2010 ) and the Ebro valley (Castañeda et al. 2009b ) (see Fig. 1 for locations) .
The weather conditions also affect the transmission of the microwaves producing atmospheric artefacts that may limit the use of DInSAR techniques. Variations in water vapour, temperature, and pressure along the distance travelled by the signal within the atmosphere can produce a delay in the transmission of the microwaves affecting the interferometric phase and distorting the phase related to the actual ground displacement. This fact has been observed in the Ebro valley (Fig. 6) , where a significant proportion of the interferograms was affected by atmospheric artefacts (Castañeda et al. 2011 ).
Type of results
Generally, DInSAR provides a great deal of information on subsidence distribution, magnitude, and kinematics, as well as on the processing quality. These data, measured along satellite LOS, are generally represented as maps that show the displacement spatial distribution, either average rate or accumulated magnitude. The former corresponds to the average displacement rate for the considered period of time, expressed in mm/year or cm/year (e.g. Fig. 4) , whereas the latter is the total amount of subsidence with respect to the first SAR acquisition, usually expressed in mm or cm (e.g. Figs. 2 and 4) . When conventional interferometry is used, the results can be also depicted using fringes that represent a 2p phase change (Fig. 6) , which corresponds to a displacement of k/4p meters, where k is the wavelength (in meters) of the microwave used by satellite. Note that ALOS-PALSAR satellite (L-band) has a wavelength of 23.6 cm whilst TerraSAR-X or CosmoSkymed-1 satellites (X-band) have a wavelength of 3.1 cm ( Table 1) . As a consequence, it can be stated that L-band satellite is less sensitive to the displacement (one fringe Fig. 4 Detail of C-band DInSAR map of La Unión, showing the effect of aliasing on the availability of persistent scatterers due to high subsidence rates related to mining. The lack of colored pixels (displacement data) in the urban area of Lo Tacón is due to the loss of coherence. Levelling isolines indicates cumulative displacement in cm during the time period 1998-2000 and show a displacement rates higher than 40 mm/year (Rodríguez-Estrella et al. 2000) corresponds to 11.8 cm instead of the 1.6 cm of X-band satellites).
The temporal evolution of subsidence for a given point can be represented when a set of images is used in the processing. Therefore, for every radar measurement, we provide: (1) the position of the PS: three geographical coordinates and (2) the temporal evolution of the displacement over the processed/analysed time period (e.g. Fig. 3d ).
Applications of DInSAR information
A close cooperation between DInSAR specialists and endusers (geoscientists, civil engineers, land-use planners, Civil Protection Authorities, insurance companies, etc.) is necessary in order to fully exploit the high capability and practicality of these remote sensing techniques. In Spain, DInSAR has been used for the monitoring of known subsiding areas, providing spatially denser displacement information of the area of interest than ground-based techniques. However, one of the most interesting applications of these interferometric techniques is the early detection of unknown ground motion (e.g. Crosetto et al. 2005a; Mora et al. 2007; Castañeda et al. 2009a, b; Fernandez et al. 2009; González et al. 2010; González and Fernández 2011a; Pulido-Bosch et al. 2011) . Some Spanish institutions, such as the Institut Geologic de Catalunya, IGC, (Mora et al. 2007 ) have periodically and systematically monitored wide geographical areas in order to recognize areas affected by subsidence or other ground instability processes in Catalonia. The Geological Hazard Prevention Map of Catalonia (MPRGC 1:25,000) includes the DInSAR information. This open-accesses cartographic database allows the public to consult, via the IGC, ground displacement results (Oller et al. 2011) .
Another interesting application of DInSAR in Spain is the incorporation of ground displacement data in the development of susceptibility and risk maps. In Sallent village, severely affected by subsidence due to salt mining, DInSAR data have been integrated into a geographical information system (GIS) together with abundant spatial data (geological, geotechnical, geophysical, topographic levelling, extensometer and inclinometer measurements, etc.) to analyse and manage different scale spatial data for risk analysis and mitigation Palà et al. 2006; Marturia et al. 2010) . Subsidence modelling, aimed at reproducing and/or predicting displacements under certain conditions, is generally a complicated task. In Spain, DInSAR has shown to be an useful tool for calibrating and validating subsidence models. In Murcia city, affected by subsidence due to groundwater withdrawal and aquitard consolidation (Mulas et al. 2003) , InSAR data have been used to validate numerical geotechnical models (Herrera et al. 2009a ) and to calibrate hydrological models that predict future scenarios of piezometric level change (Tomás et al. 2010a) (Fig. 7) . DInSAR data, jointly with in situ measurements (piezometric level and geologicalgeotechnical information), are being used by the Vega Baja and Media of the Segura river local authorities for water supply management. In Sallent, the geometry of mining and karstic cavities in a salt formation have been modelled to match topographic levelling (López et al. 2010 ). In the Sant Feliu del Llobregat pilot site, water extraction volumes have been incorporated into geological models to match DInSAR data with water pumping points and volumes . In Murcia and Orihuela DIn-SAR data have been used for building damage mapping (Herrera et al. 2010; Bru et al. 2013; Herrera et al. 2012; Tomás et al. 2012) (Fig. 8) . DInSAR displacement measurements have also allowed the identification of damage on buildings and other man-made structures (bridges, sidewalks, walls, etc.) . This application has been substantially improved since the launch of the TerraSAR-X satellite that provides a high spatial resolution and allows computing the angular distortions and the differential settlement affecting the individual buildings.
Recent works (Tomás et al. 2010b (Tomás et al. , 2011 have analysed the influence of different triggering and conditioning factors on subsidence phenomena by integrating DInSAR data from the Segura River valley with multiple variables in a GIS environment. The cross analysis of the different factors and the subsidence maps reveals some interesting relationships between the different factors that influence subsidence. These findings can be used as the basis for the hydraulic management of the watershed.
Studies conducted in the Canary Islands (Fernández et al. 2002 (Fernández et al. , 2005 (Fernández et al. , 2009 González et al. 2010; González and Fernández 2011b) have shown that DInSAR is a very powerful technique for the volcano activity monitoring in an operative and systematic way.
Polarimetric SAR Interferometry (PolInSAR) has been recently used by several researchers Navarro-Sanchez and Lopez-Sanchez 2012) to increase the number of PS candidates. This approach allows increasing the PS density by the identification of pixels with good phase quality after a search in the available polarimetric space.
Independent validation of the DInSAR results: measurements precision
Strong efforts have been done to assess independently the precision of the DInSAR subsidence measurements. This independent validation process is usually performed by comparing DInSAR data with in situ measurements. Consequently, in situ displacements have to be projected along the LOS to be able to make direct comparisons. The precision of DInSAR techniques, defined as the dispersion of the displacement estimates around the expected value, depends on a number of parameters (e.g. González and Fernández 2011b; Hooper et al. 2012 ) whose exposition is out of the scope of this work. However, some authors (Colesanti and Wasowski 2006; Lanari et al. 2007; Raucoules et al. 2007; Prati et al. 2010; e.g. Ferretti et al. 2011; Hooper et al. 2012 ) suggested a typical precision for average displacement rate and LOS displacements values of up to ±1 mm/year and ±5 mm, respectively. So far, the direct comparison of DInSAR subsidence data with displacement values measured in situ is the most common way to evaluate the precision of these techniques. Some subsidence areas in Spain monitored with DInSAR have been compared with geodetic or topographical measurements (e.g. Tenerife Island; Fernández et al. 2003 Fernández et al. , 2009 resulting in good sub-centimetre agreements (Fig. 9) . Table 3 shows the precisions of DInSAR measurements obtained by several authors.
Cost analysis of InSAR
A comparative summary of the different techniques most frequently used for measuring subsidence is presented in Table 4 . The characteristics summarized for each technique include accuracy, displacement component, survey scale, conditions and characteristics of the operating environments, degree of automation, and sampling frequency. A detailed description of some of these techniques employed for subsidence monitoring can be found in Galloway (1998) and Galloway and Burbey (2011) . A comparative study of the eight techniques used for monitoring the subsidence in 11 case studies in Spain was performed for estimating their cost. Monitoring parameters not considered in Table 4 , such as the temporal frequency of the measurements (time interval between consecutive measurements) and the mapped point density (number of measurements per unit area), were also included. The evaluation of the cost for the different techniques (levelling, InSAR, GPS, etc.) is heterogeneous because of the distinct operational context. For this reason, we assume a Therefore, the cost calculation is based on the commercial (non-scientific) SAR image price or the value of every field campaign. In the case of the geodetic station of Lanzarote and the automatic extensometer of Sallent, the value has been computed considering the annual maintenance cost of these instruments.
The following economic parameters have been estimated: (1) the annual cost per measurement point; (2) the difference between the annual costs of each approach and the cost using ERS-ENVISAT-based InSAR. This parameter provides an idea about how costly or inexpensive are the considered techniques in comparison with InSAR ERS-ENVISAT processing through a year; (3) the annual cost per unit area (km 2 ) with respect to ERS-ENVISAT-based InSAR processing; and (4) the annual cost per measurement point relative to the price estimated for monitoring the same point by means of ERS-ENVISAT images. For all of them, the maximum, minimum, and mean values have been computed.
The results of the analysis are shown in Fig. 10 . Figure 10a shows the mean measurement frequency (per year) of eight techniques considered. The acquisition frequency is crucial for identifying and analysing subsidence phenomena with non-linear or episodic kinematics. Excluding the Table 3 Estimated precision of subsidence measurements obtained with DInSAR in the analysed areas of Spain (see Fig. 1 continuous acquisition systems that are usually installed in areas affected by rapid subsidence and where a high risk for population exists, the highest measurement frequencies correspond to CosmoSkyMed (up to 15 possible measurements per year) and TerraSAR-X (8.7-21.6 measurements per year). ERS-ENVISAT processings provide between 6 and 10 measurements per year. Usually, levelling, GPS and extensometers are used for providing 1 or 2 measurements per year. The point density (number of points with subsidence measurement per square kilometre) is critical to identify the spatial subsidence patterns (Fig. 10b) . The highest point density is provided by the TerraSAR-X satellite (average, minimum, and maximum density of 825, 701, and 916 points per square kilometre, respectively) due to its high resolution. CosmoSkyMed and the automatic total stations also provide a high point density. However, the latter has the disadvantage of measuring benchmarks located at short distances (\1 km). Levelling and ERS-ENVISAT InSAR provide a similar point density, with mean values of 93 and 51 points per square kilometre, respectively. GPS, extensometer and geodetic stations provides the lowest density of subsidence measurements, with maximum values of four points per square kilometre. The geodetic station has been included in the cost analysis. It is a singular laboratory located under exceptional environmental conditions which includes high-precision geodetic instrumentation (e.g., tiltmeters, strainmeters, gravimeters, GPS, etc.) with continuous acquisition data systems. The geodetic station is not only used to carry out the study of the geodynamics processes, but also the instrumental research. As example, the geodetic station located in Lanzarote Island (Vieira et al. 1991; Fernández et al. 1992 ) includes three instrumental locations dedicated to the study of the solid earth deformations, earth tides, sealevel variations, etc.
A relevant parameter from the economic feasibility perspective is the annual cost per point, given by the ratio between the total annual cost of the implementation of the (Fig. 10c) . Levelling, extensometers and GPS have the highest prices per measurement point and year, ranging from 220 to 1007 Euros. Figure 10f shows the annual cost per measurement point compared with InSAR. Although TSX-InSAR provides the lowest mean cost per point (Fig. 10c) , the relative cost per point is lower for the three case studies where both sensors (ERS-ENVISAT and TSX) were used. The annual costs of the different techniques has been also computed and compared with that of the ERS-ENVISATInSAR (Fig. 10d) . Obviously, this cost strongly depends on the number of measurements obtained each year, especially for instrumental techniques (extensometers and levelling) and for GPS. For this reason, the extensometers installed over a salt mine in Sallent, Barcelona, which provide a continuous record (8,760 measurements per year) have not been considered in the analyses. The results show that most of the techniques considered are from 4 to 10 times more expensive than ERS-ENVISAT-InSAR. However, TSX-InSAR and GPS provides the highest mean annual costs (22 and 26 times higher, respectively). Figure 10e shows the annual cost per square kilometre of each technique compared with that of ERS-ENVISATInSAR. These estimates depend to a large extent on the area extent surveyed. The InSAR techniques yield the lowest annual cost per square kilometre, in addition to their high point density, as mentioned above. The geodetic stations provide a low cost (six times higher than ERS-EN-VISAT-InSAR) because the whole Lanzarote Island (845 km 2 ) is monitored with only three measurement points. Consequently, in this case, although the annual cost unit per square kilometre is low, the spatial density of data is very poor. Owing to the coverage of SAR images (100 9 100, 30 9 50 and 20 9 20 km for ERS-ENVI-SAT, TSX and CosmoSkyMed, respectively), DInSAR techniques are considered of low-cost for large study areas.
Concluding remarks
Because the first application of DInSAR to identify soil swelling (Gabriel et al. 1989) , this useful technique has become a widespread tool for subsidence monitoring, providing a high amount of ground displacement data for wide areas and at low cost compared with ground-based techniques. Nineteen subsidence areas (mining, groundwater withdrawal, evaporite dissolution, volcanism and load-induced compaction) in Spain have been recognized and/or studied using DInSAR techniques during the last 20 years. In some cases, DInSAR has allowed the identification of previously unknown subsidence areas providing information on distribution and rate of the settlement process. In other cases, DInSAR has been used as a tool for the analysis, modelling and management of potentially hazardous subsidence processes in combination with other complementary information. The principal limitations of DInSAR techniques are the loss of coherence between two acquisitions caused by temporal decorrelation (especially in agricultural and vegetated areas), the atmospheric artefacts that affect the displacement estimation, the availability of images that depends on the satellites repeat-orbit cycle, and the low capability to measure horizontal displacements. However, the main advantages of DInSAR are the high performance measuring vertical displacements, the low cost in comparison with other techniques especially when studying large areas, the short revisiting period as compared to field techniques, the large spatial coverage, the ability to operate even at night or under adverse weather conditions, and the possibility of analysing areas retrospectively using historical data since 1992 using the ESA's SAR archives. The cost analysis performed has allowed us to identify the strongest points of the InSAR techniques compared with other conventional techniques:
(1) higher data acquisition frequency and spatial coverage; and (2) lower annual cost per measurement point and per square kilometre. The obtained results show that in many cases the clear advantages of DInSAR compensate and even get over the limitations of this technique.
In Spain, more than ten different DInSAR techniques have been used for the study of subsidence phenomena. Although advanced techniques are widely used due to their capability to minimize atmospheric artefacts, in some cases, conventional DInSAR techniques are required due to the high velocity of the subsidence. As a consequence, DInSAR has become an indispensable tool to satisfactorily address many subsidence studies. In the future, the development of new algorithms, the launch of new satellites, the integration InSAR data with ground-based measurements and the joint performance of ground and airborne platforms will allow improving substantially the resolution and precision of DInSAR techniques and the monitoring and managing of ground subsidence hazards.
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